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ABSTRACT

The University of Tennessee FutureCar vehicle originated as a design
platform for the 1998-1999 FutureCar Challenge, a collegiate design competition
sponsored by the Partnership for a New Generation of Vehicles (PNGV). PNGV
is a partnership among eight federal agencies, including the U.S. Department of
Energy (DOE) and the U.S. Council for Automotive Research (USCAR). The goal
of the PNGV program was to obtain three times the gasoline equivalent fuel
economy of a mid-size car while maintaining the performance, safety, and
affordability of a production vehicle in the same family. [1]
Due to time constraints during the initial vehicle design, the vehicle was
never tested in the areas of tailpipe emissions, fuel economy, range, or drivetrain
energy flow. The purpose of this study was to investigate these areas using
standardized test procedures.
During the course of vehicle testing it was determined that the vehicle
could not meet the acceleration demands to perform standard EPA driving
cycles. An investigation into this matter revealed that the battery pack capacity
_ de to restore the battery pack capacity, but
was inadequate. Attempts were ma
none were successful.
An improvised on-road cycle was used to evaluate the FutureCar vehicle's
performance in the areas of fuel economy, range, drivetrain energy flow, and
battery pack capacity. Tailpipe emissions were not evaluated.
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Chapter 1
Introduction

1.1 Introduction
The University of Tennessee FutureCar vehicle originated as a design
platform for the 1998-1999 FutureCar Challenge, a collegiate design competition
sponsored by the Partnership for a New Generation of Vehicles (PNGV). PNGV
is a partnership among eight federal agencies, including the U.S. Department of
Energy (DOE) and the U.S. Council for Automotive Research (USCAR). The goal
of the PNGV program was to obtain three times the gasoline equivalent fuel
economy of a mid-size car while maintaining the performance, safety, and
affordability of a production vehicle in the same family. [1]

1.2 Objective
The objective of this project was to investigate the performance of the UTK
FutureCar, and evaluate the effectiveness of the systems that comprise the
vehicle design, as well as the effectiveness of the overall vehicle design.

1.3 Scope
The scope of this research was to determine the performance and
characteristics of the UTK FutureCar using standardized test procedures. These
test procedures are outlined in chapter two. During the course of the testing, it
was found that the vehicle could not meet the performance required to execute
1

standard Society of Automotive Engineers (SAE) and DOE tests. As such, the
results presented in this paper include vehicle fuel economy and range
estimation for a custom driving cycle, drivetrain component energy flow, and an
analysis of the energy storage system (battery pack). No emissions data was
collected.

1.4 Organization
This thesis is organized into five main sections: introduction, background,
analysis, results, and conclusions. The background section provides a
description of the three main types of HEV drivetrain setups, details the layout
and operation of the UTK FutureCar, assesses the status of the vehicle after the
1999 FutureCar Competition, and outlines some standard vehicle testing
methods and procedures. The analysis section provides a mathematical look at
the drivetrain control strategy, as well as how the vehicle performance is
evaluated. The results section provides the results of the methods of analysis
when applied towards the evaluation of the vehicle. The final section presents
conclusions for the results obtained and provides recommendations and ideas for
future work.
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Chapter 2
Background

· 2.1 Hybrid Electric Vehicle Types
The following description of HEV types is primarily taken from a report
written about the vehicle in 1999 by the University of Tennessee FutureCar
Team, ''The University of Tennessee Dodge Intrepid Dual Hybrid Electric
Vehicle." [2]
A hybrid electric vehicle is defined as an automobile with two power
sources, of which one must be capable of contributing electric power to the
system. The three main types of drivetrain configurations are: series, parallel,
and dual.

2.1.1 Series configuration
In the series configuration, the auxiliary power unit (APU) provides
mechanical power to an electricity-producing unit or generator (GEN), which, in
turn sends electricity to an on-board battery pack. The APU can be any energy
producing component designed to produce energy via fuel consumption (i.e.
internal combustion engines, diesel engines, fuel cells, etc.). In the case of a fuel
cell APU, a generator is not required. The battery pack stores and can send and
receive energy via an electric motor (EM), which is the prime mover of the
vehicle.
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2.1.2 Parallel configuration
In the parallel configuration, the APU is mechanically connected in parallel
with the EM to the drive wheels, thus allowing both units to contribute torque to
the drive wheels. This allows each-component to be downsized, thus obtaining a
more efficient system. Either unit could be the prime mover of the vehicle,
depending on the specific drivetrain design.

2.1.3 Dual configuration
The UTK FutureCar vehicle utilizes both aforementioned co_nfigurations, in
that it is a dual hybrid. The UTK design was inspired by the Toyota Prius. In the
dual configuration, the drivetrain consists of three torque producing components
connected through a power-split device. This power-split device-a planetary
gear set in the case of the Prius-allows the drivetrain to operate in either series
or parallel mode. This is a very versatile drivetrain configuration, especially with
the addition of clutches in order to de-couple torque producing members
depending on vehicle demands. These two dual hybrid systems are described in
greater detail in the following secti9n.
If any of these aforementioned drivetrain configurations allows the system
to keep up with the demands of the vehicle, the system is said to be "charge
sustaining." In a charge sustaining system, the state of charge (SOC) of the
battery pack is maintained above a required level in order to sustain vehicle
operation. If, however, the system does not meet the driving demands, then the
SOC of the battery pack is depleted and the system is "charge depleting." A
4

charge depleting system requires energy addition from an electric power grid (or
other comparable means) for continued vehicle operation.

2.2 Toyota Prius Drivetrain

The Toyota Prius drivetrain is called the Toyota Hybrid System (THS) and
is a dual hybrid design. The drivetra_in consists of a 1.SL, 58 horsepower inline
four-cylinder engine operating on gasoline, a 40 horsepower 3-phase AC
permanent magnet motor, and forty 7.2 volt sealed nickel-metal hydride batteries
connected in series. The vehicle has a base curb weight of 2728 pounds. The
purpose in discussing this system is to give the reader an idea of all the modes of
a fully functional control system for a dual hybrid drivetrain that is very similar to
that of the UTK FutureCar. The powertrain of the THS consists of a gasoline
engine, electric motor and generator. The engine is the main power source
driving the wheels, the generator absorbs or provides torque depending on the
driving demands, and the motor assists the engine in areas where engine
efficiency is low, or exhaust gas emissions are high, or both. [3]
The THS system has. five possible modes of operation. These are shown
in Figure 2.1. [3]

Mode one, Initial acceleration light load: The motor produces torque to
drive the vehicle.
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1. Initial acceleration light load
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Figure 2.1 Schematic of the THS [3].
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Mode two, Normal driving: Power is split from the engine to the generator
and drive wheels, and the energy produced by the generator is
transferred to the motor through the inverter.
Mode three, Full-throttle acceleration: The same happens as in mode two,
except that the battery pack joins in sending energy to the motor to
allow more torque at the wheels.
Mode four, Deceleration - braking: Torque is absorbed by the motor and
energy•is·transmitted to the battery pack via the inverter.
Mode five, Battery recharging: The generator absorbs torque from the
engine. The torque is converted to electric energy and is
transmitted to the battery pack via the inverter whenever the battery
pack's state of charge (SOC) is low.

2.3 UTK FutureCar Drivetrain
The UTK Fut�reCar drivetrain consists of three torque producing
members:
(1 )

A 1 .9L compressed natural gas (CNG) powered internal
combustion engine (ICE) donated by Saturn and modified by UTK.

(2)

The SR21 8 Unique Mobility electric motor with inverter.

(3)

The SR1 80 Unique Mobility electric generator with inverter.

The engine is estimated at producing between 30-35 kW (this estimate is
derived from an engine map), the electric motor produces 32 kW continuous and
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53 kW intermittent operation; and the electric generator absorbs 32 kW peak
power. The battery pack consists of twenty-seven (27) 13A-hr Hawker
Genesis™ lead-acid batteries connected in series providing a nominal full charge
of approximately 345 volts. The fuel tank consists of two cylindrical epoxy-fiber
tanks which can be pressurized to 3600 psi, and have a volumetric capacity of
95. 7 Liters.
The FutureCar utilizes a planetary gear set as its power split device.
Through this device, the electric motor is directly coupled to the drive wheels (via
gear reductions), and the engine is capable of transmitting torque to the
generator and drive wheels. The only de-coupling device in the system is an
overrunning clutch on the engine that prevents it from spinning backwards and
allows the generator to be turned off when the engine is off. The engine could
spin backward$ in the case where the generator acts as a torque producing
member and the engine is off. All three components, the engine, motor, and
generator are capable of_producing torque to drive the vehicle.
The system design tested is the same as that used during the 1999
FutureCar Challenge. In this design, the electric motor is the prime mover of the
vehicle. The engine produces torque, which is split between the generator and
the drive wheels via the planetary gear set. The generator absorbs torque
produced by the engine, but is not used as a motor to send torque to the drive
wheels. Control of each component is based on this setup.
The Futureqar has three modes of operation. Zero emissions vehicle
(ZEV) mode, or· electric only mode, is the same as THS mode one. Economy
8

(ECON) mode is similar to THS mode three, except that most of the energy to
drive the motor comes from the battery pack. The FutureCar also has a
regeneration (REGEN) mode that is the same as THS mode four. Figure 2.2
shows the FutureCar drivetrain schematic originally produced by Craig
Rutherford, a UTK student involved in the original drivetrain design.

2.4 Testing Procedures
The Environmental Protection Agency (EPA) has developed many vehicle
testing methods and driving schedules that are used as industry standards.
These testing methods allow standard reports of the environmental impact of
vehicle tailpipe emissions and fuel economy. The following is an overview of the
test procedures required to obtain and report this informatiqn.

2.4.1 Driving schedules
Driving schedules are traces of vehicle speed-vs. time, and are performed
on chassis dynamometers. Currently, these schedules are driven by test
engineers, and subsequently, introduce human erro_r into each test. Robots are
sometimes used to "drive" the vehicles during dynamometer testing to reduce the
error between the real-time vehicle speed and the schedule spe�d.
Driving schedules are developed to simulate on-road driving patterns or
trips. The purpose of customizing these schedules is to evaluate the
environmental impact and vehicle performance for driving in the city, driving for a
long distance at a relatively constant speed, or any �ther possible driving pattern.
9
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Figure 2.2 UTK FutureCar drivetrain schematic.
A variety of driving schedules have been developed over years of research and
testing, and new schedules are being investigated in order to more accurately
simulate the most common driving patterns.
The Urban Dynamometer Driving Schedule (UDDS), also called the
Federal Urban Driving Schedule (FUDS), represents a typical city driving pattern
experienced by the average commuter during an average day. The term
"average" is u�ed loosely here, as this schedule was developed over thirty years
ago using Los Angeles, CA as the model. As shown by Figure 2.3 [4], the UDDS
has steep acceleration/deceleration curves, low peak speeds, and short intervals
between each start and stop. Figure 2.4 [4] shows the Highway Fuel Economy
Test (HWFET) driving schedule, which simulates highway driving. This schedule
has a greater average speed and no times (except beginning and end) where the
vehicle is at rest.

10

EPA Urban Dynamometer Driving Schedu1e
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Figure 2.3 UDDS cycle.
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Figure 2.4 HWFET cycle.
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2.4.2 Emissions testing
The transportation sector accounts for about one-third of all regulated
emissions in the U.S. (industry and buildings make up the other two-thirds). [1]
The EPA has been regulating certain vehicle exhaust emissions since the early
1970s. Regulated light duty vehicle (LDV) exhaust emissions include non
methane hydrocarbons (NMHC) or non-methane organic gases (NMOG), carbon
monoxide (CO), oxides of nitrogen (NOx), and formaldehyde (HCHO). The Clean
Air Act Amendments of 1990 established new standards for all regulated exhaust
emissions. The new standards regulating tailpipe emissions are set up in tiers,
placing more stringent regulations applied to each tier over several years.
Californi_a's regulations are stricter than that of the Clean Air Act. All states with
the exception of California are prohibited from invoking vehicle emissions of th�ir
own, but states with poor air quality can choose to adopt California's standards.
Table 2.1 shows the tier system and the regulated emissions levels associated
with each tier, as well as California's regulations for light duty vehicles (LDV). [5]
The Federal Test Procedure (FTP) is a series of events used obtain
repeatable and accurate vehicle e>,ehaust emissions data. At the onset of the
test, the test vehicle must soak at ambient temperature, 20°C, for at least 24
hours to ensure temperature equilibrium. After the soak, the vehicle is placed in
a sealed housing unit for evaporative determination (SHED) in order to obtain the
evaporative hydrocarbon emissions a vehi_ cle emits when the engine is off. The
fuel tank is drained and refilled to the required specification, and finally, the
dynamometer cycle is run. The dynamometer cycle is composed of the UDDS,
12

Table 2.1 Exhaust Emission Standards for Light Duty Vehicles,
grams/mile(1)
California LEV I (2}
TLEV TLEV LEV
LEV ULEV
Full Inter.
Com�onent(4} lnter.(5} Full(6} Inter.
NMHC
0.1 25 0.1 56 0.075 0.09 0.04
NMOG
4.2
1 .7
4.2
co
3.4
3.4
0.4
0.6
0.2
NOx
0.2
0.3
Formaldeh:tde 0.0 1 5 0.01 8 0.01 5 0.01 8 0.008

U.S. Tier 1 (3}
Tier 1
ULEV Tier 1
Full
Full
I nter.
0.31
0.25
0.055 .
4.2
2:1
3.4
0.6
0.3
0.4
0.01 8

(1) Values are met after certain mileage accumulations (1 mile = 1.6 km).
Different standards apply to diesels and methanol-fueled vehicles.
(2) TLEV = transition low emission vehicle; LEV = low emission vehicle;
ULEV = ultralow emission vehicle. California's current LEV I standard .
will remain in effect through model year 2003.[5]
(3) Tier 1 applies to 1994-present vehicles with a phase-in as follows: for
1994 model year, 40% of production; for 1995 model year, 80% of
production ; and for 1996 model year, 100% of production. The Tier 1
standard will remain in effect at least until the ·year 2003.[5]
(4) THC = total hydrocarbons as indicated by flame ionization detector
(FID); NMHC = THC less methane; and NMOG = VOC less methane.
(5) Inter. = lntermedi�te useful life, 50,000 miles.
(6) Full = Full useful life, 1 00,000 miles.
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which is broken into three phases with a ten minute soak between phase two and
phase three. [6] Figure 2.5 shows how the phases are broken up, but doesn't
include the ten minute soak. [4] Phase one is the Cold Start Phase, phase two
is the Transient Phase, and phase three is the Hot Start Phase.
The method of exhaust emissions collection for the FTP, the constant
volume sampler (CVS) system, samples tailpipe emissions for the duration of the
FTP utilizing air and diluted exhaust bags, bag sampling equipment, and other
measuring devices. The CVS system takes the raw exhaust and mixes it with
filtered dilution air utilizing either a positive displacement pump or critical flow
venturi to maintain constant volume dilution. The end result is a diluted
representation of the average pollutant concentrations for each test phase in the
FTP, from which the mass-based emission rate of each pollutant can be
calculated. A total of three bags of diluted exhaust are collected, one for each of
the three phases of the FTP. [5]

2.4.2 On-road fuel economy

The EPA standard for determining on-road fuel economy is to use the
UDDS cycle for city listing, and the HWFETS cycle for highway listing. The fuel
economy is calculated by a volume change method in which the total distance
traveled for ·the respective driving cycle is divided by the amount of fuel used.
The amount of fuel used is determined from the volume change of the fuel.

14
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Figure 2.5 FTP cycle.
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2.4.3 Dynamometer setup

The typical chassis dynamometer setup consists of the following:

•

A set of single or twin rolls on which rests the vehicle driving tires.

•

Electric eddy-current motors linked mec_hanically to the rolls absorb
torque.

•

A master control computer to control the electric motors.

• A Video Driver's Aid (VOA) System (for EPA tests [7]).
•

Emissions collection equipment.

The purpose of the dynamometer is to simulate on-road conditions for any
vehicle within the dynamometer's operational weight range. This operating range
is dependent on the power rating of the energy absorbers. The master control
15

computer controls the amount of energy (or power) absorbed to simulate the
vehicle inertial losses, rolling resistance, aerodynamic drag, and grade forces
acting on the vehicle during on-road conditions. The rolls have a high moment of
inertia, which aids in simulating the vehicle inertial losses. It is impractical to
customize rolls for every vehic;:le weight and type, so the control computer helps
to compensate in this area via the controlled power absorption .
. The VDA system or comparable graphical interface allows the test
engineer to drive the vehicle and monitor the actual speed versus the selected
driving schedule speed, in order to keep the desired vehicle speed within the
required limits of error.

2.4.4 Coastdown
A vehicle coastdown test is performed to obtain coefficients which are
used in the dynamometer setup. The coefficients can be manipulated and used
as _dimensionless parameters by which the dynamometer can be calibrated. One
SAE test procedure for determining these parameters is presented by White and
Korst. [8]
Several techniques are utilized in obtaining these coefficients, depending on
whi-ch testing method is used. The overall scheme is a coastdown of the vehicle
in question, from high speed to low speed (60 mph to 20 mph is a common
variation). An anemometer can be used to calculate the wind speed and
direction acting on the vehicle during the test. An external device should
measure ground speed in order to obtain the most accurate vel(?city data. An on16

board computer plots vehicle speed vs. distance traveled. The equation
representing this plot contains the desired coefficients. These coefficients are
modified based on the wind data, then programmed into the dynamometer
control computer. These coefficients "match" the dynamometer to the v�hicle,
thus simulating actual on-road driving.

2.5 UTK FutureCar Data Collection

The UTK FutureCar data collection system was programmed and
implemented by Matt Smith, a former FutureCar team member and master's
degree student at the University of Tennessee. The on-board control computer
monitors the vehicle systems and records the data at a 1 hz rate. The data
collection system is detailed in Smith's thesis. [9] Vehicle speed is calculated
based on electric motor speed, due to the direct coupling between the motor and
the drive wheels via gear reductions. Distance traveled is calculated by
integrating vehicle speed. A kilowatt-hour meter monitors battery pack current
and voltage. Engine speed is recorded via a toothed wheel with magnetic pick
up. Other information is also recorded and stored for evaluation purposes.

17

Chapter 3
Analysis

3.1 Drivetrain Analysis

Specific methods of control are utilized for each powertrain component of
the UTK FutureCar:

•

The electric motor is torque controlled based on current (amps).

•

The generator is speed controlled based on voltage.

•

A stand-alone fly-by-wire throttle body controls the engine intake
air.

Based on the current vehicle control scheme, only two driving modes are
operational and testable. In ZEV mode (electric only), similar to Mode one of tt:,e
THS, the electric motor (EM) torque is controlled based on the accelerator and
brake pedal requests of the driver. The accelerator is connected to a
potentiometer that varies the voltage to the inverter. The inverter then sends the
EM the appropriate amount of current required. In this mode the engine is off,
and the generator is disabled (contributes nothing to the system).
In ECON mode (engine on), the engine throttle is ramped up to 28 percent
of full scale, and its speed is controlled by setting the speed of the generator.
This throttle position was determined by trial and error in the original design
phase of the vehicle conducted in 1999. The setting is such that the engine
18

produces a torque range capable of being absorbed by the generator. Originally,
the engine was to be operated at its highest efficiency speed, but the
corresponding throttle rating produced more torque than the generator could
absorb. The desired engine speed is _determined by requesting a generator
speed, wh_ich in turn sets the engine speed depending on vehicle speed (or
motor speed). The on-board computer is programmed with a table that
communicates the desired speed to the generator. The details of how the
computer system controls this process are described in detail in Smith's master's
thesis.

3.2 Component Power Mesh via Planetary Gea_r Set

A planetary gear set is the means by which torque is transferred among
the drivetrain components and to and from the ground (via the wheels). It is this
gearing device that defines the way the components interact, which provides a
continuously variable transmission since the gear ratios among the components
are always constant. The planetary gear set is a two degree of freedom
system-if you set the speed of two of the components, the speed of the third will
be set. This limits the range of component speeds. Equation (3.1) , from M uller
[1O] , shows the relationship for component speeds based on the gear ratios of
the planet set. Referring back to Figure 2.2, the generator is attached to the sun
gear and has 27 teeth , the engine is attached to the planet carrier (each planet
carrier gear has 15 teeth) , and the motor is attached to the ring gear at a ratio of
62/49 (the motor is linked to the ring gear via a belt drive). The ring gear
19

contains 57 teeth. The motor is also connected to the ground through the
differential. This makes the vehicle speed directly proportional to the motor
speed. Equation (3.3) shows the speed relationship for the UTK FutureCar
planet set, and Eq. (3.4) shows the torque relationship.

.

.
(J)ring

=

(1

+ r) · (J)carrier - (J)sun·

(3. 1)

r

N

ring = 57 = 2. 1 1
r = --

Nsun

(3.2)
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(J)sun

= (3. 1 l)mcarrier - (2. 1 l)m

Tring

= Tcarrier • r2

r2 =

Nring

(3.3)

ring

Nsun

+ N ring

= Tsun • r

(3.4)

= 5 7 = 0.68

(3.5)
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where,

m is the component speed
N is the number of gear teeth
T is the 6omponent torque.
These equations are used by the control computer to determine vehicle and
component speeds.
3.3 FUDS Cycle Analysis
Calculations have been made to determine the power required for the
FutureCar to perform a FUDS cycle. The coefficients that model the FutureCar
.
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vehicle are provided in Table 3.1. The combined drag coefficient is composed of
the vehicle frontal area and drag coefficient, which were provided by the Chrysler
Corporation as a part of the FutureCar Competition. The coefficient of rolling
resistance was provided by the tire manufacturer and only represents the
frictional losses for the tire patch su rface area. Other definitions and their
corresponding symbols are provided as a reference for subsequent calculations.
Equation 3.6 represents the rolling force acting on the vehicle via the tire
footprint. The aerodynamic drag force is accounted for by Eq. (3.7), and the
force required to accelerate the vehicle is determined by Eq. (3.8). Drivetrain
inertial and frictional losses are neglected for this calculation.
(3.6)
Faero

= .5 * p * Cd AJ * V 2

(3.7)
(3.8)

In order to determine the power required during a driving cycle, the forces
are multiplied by the vehicle velocity to obtain: Proll, Paero, and Paccel. The total
power ·required to propel the vehicle at any instant in time is the sum · of Proll,
Paero, and Paccel. The forces due to grade and wind speed are not required for
this analysis, because there is no grade or wind factor for the FUDS cycle. A
sample of the spreadsheet used in developing these figures is presented in
Appendix A, Table A.1. Figure 3.1 shows the trace of power required for the
FutureCar to perform the FUDS cycle versus time. The units for power are
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Table 3.1 Coefficients
Definition
Vehicle mass
Air density
Drag coefficient
Frontal Area
Combined
Velocity
Vehicle acceleration
Acceleration of gravity
Coefficient of rolling resistance

Symbol
m

p

Cd

At

CtA-1
V
av
ag

r
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Value

Units

3900 lbm
0.075 lbm/ft3

N/A
N/A
7�5

N/A
N/A

none
ft

2

ft2

ft/sec
ft/sec2
32.2 ft/sec2
0.007 none
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Chapter 4
Results

4.1 FutureCar Testing Methods

Testing of the UTK FutureCar for this research project commenced in
September 1 999, three months after the final 1 999 FutureCar Competition. No
modifications were made to the vehicle during the course of the initial testing,
other than replacing dead batteries and refueling the CNG tank. The recognized
test procedures described in Chapter. 2 were modified during the course of this
research based on the design and performance of the UTK FutureCar. After the
vehicle was proven operational and taken to be·· fueled, it was driven on-road and
on the UTK chassis dynamometer.
4.2 Data Collection and Assumptions

The on-board computer system for the FutureCar vehicle is set up to
observe and record vehicle data such as: date and time, distance traveled, state
of charge (SOC), operating mode selected, vehicle speed, battery pack voltage
and current (via a kW-h meter), engine speed, motor speed ,- and generator
speed. It should be noted that the vehicle speed is calculated from the motor
speed and the distance traveled from the vehicle speed. It is assumed that the
vehicle speed is correct when the vehicle is in motion, and therefore the distance
traveled is accurate. This assumption doesn't take into account either the
integration method or the ·wheel slip. The stock odometer was removed from the
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vehicle in early phases of design for the FutureCar Competition. It is also
assumed that the kW-h meter is accurate, that the component speeds are
correct, and that the external fuel pressure gages are accurate.
4.3 Chassis Dynamometer Test

The dynamometer was set up to determine if the FutureCar could perform
the Federal Urban Driving Schedule (FUDS). A picture of the chassis
dynamometer setup is shown in Figure 4.1. The off-board charging unit for the
battery pack, Magna Charger™, is also pictured. A computer was used to show
the speed trace of the FUDS cycle, and was connected to the dynamometer
system, by which the vehicle speed was displayed. A Road-a-Matic™ master
controller made by Sun allows for dynamometer control. Vehicle operating
weight and the combined drag coefficient and frontal area are inputs to the
master controller. The test engineer has the ability to limit the dynamometer
speed and percent grade f�ctor via a hand-held device.
4.3.1 Coastdown testing

In an effort to verify the acc�racy of the coefficients in Table 3.1, which are
used for dynamometer calibration, two coastdown tests were performed and
averaged. Vehicle speed was recorded by the on-board computer. The test was
performed on Neyland Drive in Knoxville, TN. The wind speed was negligible,
and the tests were performed in opposite directions to account for any wind and
grade factors. A plot of the average vehicle coastdown speed with respect to
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Figure 4 . 1 Picture o f chassis dynamometer setup.
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time is provided in Figure 4.2. As is shown by the plot, vehicle was only able to
achieve a top end speed of 50 mph.
Equation (4.1) [11] represents the change in kinetic energy divided by the
change in time, and represents the estimated horsepower required to maintain
50 mph, or the power required to overcome the overall resistance at this speed,
based on the coastdown test data. The variables Vi and V2 represent the speed
parameters and have units of ft/sec, and t1 and t2 represent the times at which
these speeds occurred. Vehicle weight is represented by W which has units of
lb.

[½

* W * (V:i 2 - V2 2)
2
h 'P - 32.2 * abs(t1 - t2 ) * 55 0

l

(4.1)

This power was determined to be 1 0.Bhp, based on the conditions of the
coastdown test. Equation (4.2) represents the power required to overcome the
rolling resistance of the vehicle at 50 mph, and is obtained from Newton's First
Law.

proll =

p

Mro

=

r*m*a

g

* 13 .3 ft I sec

(4.2)

550

.5 * p * Cd Af * (73.3ft /sec )3

.

550
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(4.3)
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· Figure 4.2 Average coastdown data.
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Equation (4.3) represents the power required to overcome aerodynamic drag at
50 mph. Using the coefficients provided back in Table 3.1, Pron = 3.6hp and
Paero = 6.3hp. Equation (4.4) is used to determine the error between the
coastdown method using foreknown vehicle coefficients.
PowerD ifference = hp - (Proll + paero )

(4.4)

This equation provides a difference of 0.9hp between the measured losses for
the coastdown test and the estimated losses from the coefficients in Table 3.1,
which translates into a 9.2 percent difference between the two sources. This
percent difference is an estimation of the drivetrain efficiency losses, since the
drivetrain losses are accounted for in the coastdown test, but not in the power
analysis. This percent difference is a safe representation for the drivetrain losses
based on scope of this research.

4.3.2 Failed dynamometer test

As previously stated, the chassis dynamometer was used to determine if
the FutureCar could perform a Federal Urban Driving Schedule (FUDS) cycle.
The battery pack, consisting of 27, 13A-hr Hawker Genesis lead-acid batteries
connected in series, was fully charged to approximately 345 volts at the onset of
the test. A computer was used to show the speed trace of the FUDS cycle, and
was also connected to the dynamometer system, to read and display the vehicle
speed.
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Using this setup, it was determined that the FutureCar vehicle could not
sustain the acceleration requirements to complete a FUDS cycle. The problem
was that the battery pack could not maintain its state of charge, and
subsequently, could not meet the energy demands of the motor for the duration
of the cycle.
4.4 I nvestigation of Battery Pack Failure and Vehicle Performance

The UT FutureCar control scheme was developed such that the vehicle
would operate during the course of the FutureCar Competition. This scheme is
by no means optimized, and is apparently detrimental to the life of the 1 3A-hr
battery pack. After much testing, it has been determined that the vehicle control
scheme doesn't allow for proper component control. The purpose of this section
is to investigate the repeated failure of the 1 3A-hr battery pack and verify that the
battery pack performance disallowed the vehicle from being able to perform a
FUDS cycle.
4.4.1 Assessment of FU DS Cycle

The inability of the v�_hicle to perform a FUDS cycle posed a major
problem, considering that many reported vehicle statistics such as fuel economy
and tailpipe emissions are measured by performing this test. It was decided that
an on-road course would be used to measure powertrain performance and
vehicle fuel economy instead of the FUDS cycle. The reason being that the ·
dynamometer didn't seem to be calibrated based on comparisons to on-road
driving, i.e. the top speed for the FutureCar on level road was approximately
31

50mph, while the vehicle could surpass 50mph on the dynamometer without
much trouble. Also, the plan for aquiring the emissions data was to take the
vehicle to an off-site EPA test facility and have a technician drive the FUDS cycle
and collect the necessary data. Since the FutureCar could not perform the
FUDS cycle, there was no way to obtain standard emissions data.
4.4.2 New cycle development
Figure 4.3 represents the on-road FCAR cycle as a function of vehicle
speed versus time. The cycle was created by driving· around the city of Knoxville.
- The main purpose in using the FCAR cycle was to obtain data for evaluating the
vehicle fuel economy and range. In using the FCAR cycle for data analysis, it is
important to verify that performing a FUDS cycle was in fact not possible based
on the status of the FutureCar vehicle. The next few sections present an
analysis of why. the FutureCar could n9t perform the FUDS cycle and how the
FUDS cycle compares to the FCAR cycle.
The FCAR cycle is not an aggressive driving cycle at all. I t was performed
using a damaged battery pack, and much care was taken to try not to induce
further battery damage. After the FCAR cycle was performed, measures were_
taken to restore and preserve the battery pack to allow further vehicle testing. All
batteries in the pack were tested and bad batteries were replaced. Charge
leveling devices were installed (described in section 4.4.7).
4.4.3 FUDS and FCAR cycle com parisons
Using the analysis described in the previous chapter, a graph of required
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4000

5000

vehicle power versus time for the FCAR cycle is shown in Figure 4.4. Comparing
this graph to Figure 3.1 in Chapter 3, it appears that the FutureCar may in fact
have the power capabilities of performing a FUDS cycle. Further investigation
will show that this is not the case.
Figure 4.5 shows a histogram of the FUDS and FCAR cycle vehicle power
requirements. Each bin contains the percent of the total number of instances
that the vehicle utilized the amount of power represented by the bin. The
purpose of Figure 4.5 is to compare the maximum power required by the two
cycles. {The most negative power required is derived from the rate of vehicle
deceleration). The data represented in the bins was determined using a
MATLAB™ program. The code for this program is provided in Appendix A.2.
The shape of the bar graph indicates that there are many instances of little or no
power required. As the power required increases, the instances at that power
decrease.
Since the figures representing calculated power for a FUDS cycle and
power produced by the vehicle during the FCAR cycle, Figures 3.1 and 4.4,
respectively, were calculated using the vehicle drag coefficients {Table 3.1), they
are only useful in showing the difference in the power required value. The
maximum power calculated during the FUDS cycle is very close to the maximum
power required by the FCAR cycle (they both have a maximum bin of 52 kW),
this does not mean that the FCAR could come close to performing a FUDS cycle.
The maximum power shown by the FCAR calculation is inflated because of the
terrain of the on-road course around the UTK campus. Specifically, the grade
34
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factors are not accounted for in calculating power for the FCAR cycle. Equation
(4.5) represents the total power required to propel the vehicle, Eq. (4.6)
represents the power required for the vehicle to overcome a grade of 0 degrees,
and Eq. (4.7) represents· the net power required to p ropel the vehicle.

(4.5)

Pgrade = m * g * V sin 0

pnet

(4.6)

= ( P,otal - pgrade )

(4.7)

The units represented by the symbols in these equations are provided in Table
3. 1 (Power, P, is ft-lb/sec). The histogram in Figure 4.5 compares the. net power
required for the FCAR cycle with the total power requi red for the FUDS cycle,
since Pgraae = 0 _for the FUDS cycle. Figure 4.4 represents this net power for the
on-road FCAR cycle where the grade factors are embedded in the acceleration in
the calculation. Since the grade is not explicitly known, a di rect comparison ·
between the two cycles cannot be made. Conclusions can be drawn to suggest
that the total power for the FCAR cycle will be less if the grade factors are
included. It was recognized by the driver that the vehicle velocity was greater
when traveling downhill than when traveling uphill. Therefore, referring to Eq.
(4.6), the absolute value of P8ra11e downhill is greater than the absolute value of
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Pgrade

uphill for the same grade. Assuming that there is a one to one ratio of uphill

grade to downhill grade for the FCAR cycle, this would verify that the net power
shown for the FCAR cycle is inflated. Since Pgrade is negative for downhill grade
and positive for uphill grade, the total power, P,0,a1, would be less than the net
power, Pner, if the grade factor is included in calculating total power for the FCAR
cycle, referring to Eq. (4.7). Also, Pgrade is approximately four times greater than
the sum of Proll and Paero for the average speed of 26mph for the FCAR cycle
with a grade of four (4) percent. Proll and Paero are calculated using the analysis
described in Section 3.3: Pgrade = 8.06kW ; Proll = 1.41kW; and Paero = 0.65kW .
This means that for a constant vehicle speed of 26mph traveling up or down a
four percent grade, the power calculated for the FCAR cycle is inflated by a
factor of about four.
4.4.4 State of charge

The state of charge (SOC) of the battery pack is estimated based on
instantaneous terminal voltage and current. The scheme for this estimation was
developed by Matt Smith and is described in detail in his M.S .. Thesis [9] . For the
SOC estimatior), an arbitrary on-road course was driven (once) and the pack
current (flow) and voltage were measur�d once every second for the entire
course. These values were then plotted versus each other and three polynomial
curves were fit to the data to show high, medium, and low SOC values based on
the maxima and minima of the plot shown in Figure 4.6. It shows that the pack
voltage stays above approximately 240 volts and thus never drops below 30
percent. These polynomial curves were used in the control code to specify the
38
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Figure 4.6 Original SOC map for the FutureCar vehicle. [9]
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estimated SOC of the battery pack. Figure 4. 7 is based on the same criteria
(cu rrent vs . voltage) for the FCAR cycle, where the lowest points correspond to
an SOC value of 1 5 percent. Clearly, the polynomial cu rves shown in Figure 4.6
do not match the data shown in Figure 4.7. Therefore, the SOC estimation used
by the control code is inaccu rate for the lower limits of this data set.
It shou ld be noted that there is no battery pack protection in the cu rrent
status of vehicle control. The SOC estimation calculations and subsequent
results were only meant to control whether and when the engine tu rns on and off.
This method of engine control, however, was never implemented [9] . Cu rrently,
the operator decides whether the engine is on or off via a manual switch . The
SOC value is not displayed for the operator to see: The operator views
instantaneous battery pack voltage with regard to controlling the engine .
Therefore, the SOC value has no effect on the control scheme. The SOC val ue
does, however, indicate that the battery pack is not the same as the battery pack
tested during the formation of the SOC equations. Using th is information, and
data obtained by testing each battery in the pack individ ually before and after
each test, it can be said that the battery pack capacity was inadequate for the
vehicle to pe rform standardized testing methods using its cu rrent control scheme.

4.4.5 Component energy flows
Energy flow for some drivetrain com ponents was measured during the
FCAR driving cycle. An example of the component energy flows in the vehicle
can be seen from Figure 4.8, which is only a portion of the total drivi ng cycle (the
first 1 500 seconds) . The cu rrent (am ps) data shows the energy flow to the motor
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from the battery pack and to the battery pack from the generator. The generator
never produces more than 20 amperes of current. The computer is not set up to
determine how much of the current produced by the generator goes directly to
the motor as previously described in Figure 2.2 for the THS. The only means for
determining current flow is with the kW-h meter, and it only monitors the current
and voltage of the batte·ry pack. The graph shown in Figure 4.8' also shows how
the estimated state of charge varies with engine speed. The power produced by
the engine at various engine speeds and throttle positions is not known explicitly
because the torque vs. speed map of the engine determined during the original
design contains only four points and is therefore deemed insufficient for making
calculations.
4.4.6 FCAR acceleration

The main reason why the FutureCar could not perform any of the
standardized driving cycles was that it could not sustain the acceleration .
requirement throughout the entire test. The problem was that the battery pack
capacity was too small for the control scheme implemented, and when the SOC
dropped below a certain level, the vehicle could not maintain the required
acceleration. Many contributing factors are involved in the statement "the battery
pack capacity was too small for the control scheme implemented." In the control
scheme implemented, the .engine was controlled by setting the throttle position to
a constant 28 percent. This greatly reduced the ability of the_ engine to provide
torque assist and required a greater percentage of the power to be supplied by
the motor, thus causing _a strain on the battery pack. This• phenomenon was
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exaggerated when the battery pack was damaged. When the engine was turned
on, thus allowing the generator to send current to the pack, the SOC would rise.
Subsequently, when the motor requested current from the pack, the SOC would
drop off rapidly, and the pack would . no longer accept any regeneration from the
generator. The pack voltage would return, but as soon as a load was applied,
the SOC would drop to its lowest level. This can be seen graphically in Figure
4.8. Figures 4.9 through 4. 12 show what happens during vehicle acceleration.
Figure 4.9 shows a variation in vehicle acceleration from 3.37 mph/sec to 0.47
mph/sec. Figure 4.10 shows how the SOC varies �ith the change in ·
acceleration. As shown by the current request, Figure 4. 1 1 , a brief period of
approximately five seconds of no motor assist was allowed in an effort to allow
the SOC to increase but to no avail. The SOC continued to fall and
consequently, the vehicle could riot maintain the previous level of acceleration.
4.4. 7 Further battery tests

After the FCAR cycle, the batteries in the pack were individually tested
and bad batteries were replaced. Battery stabilization deyices, manufactured by
PowerDesigns™ called Power Cheq™ battery equalizers [12], were added to the
pack to try to equalize the load among the batteries. These devices monitor the
voltage among three batteries and transfer up to two amps of current among
batteries where the potential difference is ¼ volt or more. This is done in order to
maintai� a level load for all of the batteries. The pack was charged using an off
board charger-Magna Charger™ , before several vehicle tests. Unfortunately,
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the battery pack capacity remained in adequate to perform standardized test
cycles.
An investigation of th e vehicle drivetrain control strategy was performed to
determine if any small changes cou ld be made to protect the battery pack and at
the same time allow better vehicle performance. It was determined that the
procedures required to perform this optimization were beyond the scope of this
project. Therefore, the results presented with regard to fu el economy and vehicle
range are based on the FCAR cycle, since the vehicle was never able to meet
the performance requirements of the FUDS cycle, or any other standard test
cycle. As previously stated, measures were taken to restore and preserve the
battery pack to allow further vehicle testing. At the onset of the next test,
performed on January 1 8, the vehicle had a new pack wherein all batteries had
been individually tested and fu lly charged . The test consisted of d riving the
vehicle such to evaluate the battery pack SOC. As shown in Figure 4. 1 3, the
SOC for the test remains above the lower limit of 30 percent as described back in
Figure 4.6. The battery pack was not charged -after the Jan uary 1 8th test in order
to evaluate the charge sustainment capabilities of the control system. The next
test, performed on January 25 th , utilizes the same test method. As shown in
Figu re 4. 1 4, the SOC dropped below the previously described lower limit. The
purpose of these figu res is to show how th e approximated SOC value falls du ring
vehicle testing when the off-board charger is not used, thus making the
FutureCar a "charge depleting" HEV.
When the batteries in question fai led , the battery voltage could be brought
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to maximum, but when a load was applied the voltage dropped off quickly and
the battery could not sustain its supply of current. Based on the data contained
in Figures 4.7 and 4.14, the battery pack must have contained some dead cells.
Each battery in the pack was tested with an external tester to determine if they
had failed. The tester draws current (approximately 30 amps) from the battery
for 10 seconds and the final voltage reading determines the status of the battery.
It was found that 6 of the 27 batteries in the "bad pack" were damaged and
useless. They could hold a voltage rating, but when loaded, the voltage dropped
below the allowed limit for operation (-1 O volts at full load). . Figure 4.15 shows
the load characteristics of a good battery and a bad battery.
4.5 Vehicle Fuel Economy and Range
Fuel economy and range estimation calculations for the FCAR cycle test
are provided in this section.
4.5.1 Fuel economy calculations
Measurements of CNG tank temperature and tank pressure were taken
before and after driving the FCAR _? ycle (all measurements wer� taken after the
vehicle was at rest for a period of at least 24hrs to ensure accuracy). A computer
program called GASCOM ·[13], which utilizes the lower heating value (LHV) of
natural gas and the Leung relationship, was used to determine the amount of fuel
used during the driving cycle. It takes inputs of gas composition, pressure, and
temperature and calculates_ the lower heating value of CNG and V1Ntank and
V2Ntank (where V is volume) based on initial and final temperature and pressure,
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respectively. The computer screens for GASCOM providing the necessary data
are shown in Figure 4.1 6 in succession.
In computing the fuel economy for the test, Equation (4.8) solves for the
total volume of fuel used based on the values determined by the GASCO M
program.

(4.8)

The total volume of gas used (Vo) was 6344.9L or 224.1 ft3 • (This is the volume
the natural gas occupies at atmospheric pressure.) The amount of energy
contained· in the gas is represented by the LHV. Therefore, Equation (4.9)
represents the total energy used or consumed during the test.

EnergyUse_d = LHV * Vo

(4.9)

The total EnergyUsed was determined to be 21 3,275 Btu. Comparing this energy
with the energy contained in one gallon of reformulated gasoline (AFG , 1 1 4,1 32
Btu), one can solve for the amount of fuel used (gallons of AFG, equivalent).

· EnergyUsed
Fue lu.sed = ----Btu I gallonrfg

(4.10)
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The amount of fuel used during the FCAR cycle was FuelUsed = 1 .87
gallons of RFG equivalent. Using this information along with the total distance
traveled during the FCAR cycle, the fuel economy can be determined by Eq.
(4. 1 1 ).

.
FuelEconomy
( mpg ) =

MilesTraveled
FuelUsed

(4. 1 1 )

The RFG equivalent fuel economy of the FutureCar for the FCAR cycle
was determined to be 1 8.Bmpg. It should be noted that this fuel economy
represents 35 miles of city driving for the UTK FutureCar with a damaged battery
pack. The fuel economy for the stock Dodge Intrepid with a 3.0L six cylinder
engine is 1 7mpg city, 26mpg highway,. and 20mpg combined as reported in [1 6].
4.5.2 Range estimation
The FutureCar range estimation is calculated based on the engine-on time
for the FCAR cycle. The FutureCar control scheme allowed the engine to be
turned on and off by the driver. The engine was cycled by the driver depending
on SOC and acceleration demands. The determining factor in the way the
engine was used during the FCAR cycle was to protect the battery pack. The
reasons for this have already been discussed. Knowing the engine-on time and
the total fuel used during the cycle, a number can be found to represent fuel flow
per unit time, shown by Eq. (4.1 2) . The total fuel used (695 pounds per square
inch) can be calculated using the energy used from Eq. (4.9) and the limited
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maximum tank pressure of 3500psi.

FuelUsed
FuelFlow = ----EngineTimeOn-

(4.12)

Equation (4.13) represents the estimated vehicle range based on the
average vehic_le speed during the FCAR cycle the limited tank capacity of
3500psi. The average vehi�le speed is calculated by the average engine speed. _

Range =

AvgVehicleSpeed * CNGTankCapacity
FuelFlow @ Avg VehicleSpeed

(4.13)

Using this method, the range was determined to be 156.2 miles. This
range estimation is unique to the characteristics of the FutureCar during the
FCAR cycle.
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Chapter 5
Concl usions and Recom mendations

5.1 Conclusions

The original scope of this project was to test the UTK FutureCar in the
same configuration as in the 1 999 FutureCar Challenge Competition. Through
the course of this research, it was determined that the control scheme
implemented does not protect the battery pack. This lack of protection greatly
hindered the performance of the overall vehicle design. Since the electric motor
is the prime mover of the vehicle, the battery pack must be able to keep up with
the driving demands in order to perform adequate vehicle testing for emissions,
fuel economy, and range.
The FCAR cycle was performed in order to get some estimate of fuel
economy and range and to provide a foundation for evaluating the energy flow
among the vehicle drivetrain components. After the battery pack was tested and
replaced, consecutive vehicle testing proved that the battery pack remained
inadequate due to individual battery failures.
5.2 Analysis of Inadequate Battery Pack Capacity

There are three reasons stated in the Genesis® battery manual [1 4] that
result in damaged batteries: overcharging, undercharging, and overheating.
Because of insufficient temperature data, it will be assumed that the damage to
the FutureCar battery pack was caused by either overcharging (charging the
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batteries beyond their upper limit) or undercharging (depleting the batteries
beyond their lower limit). The culprit of this failure was due to one of two things;
either the regeneration strategy was damaging the pack by overcharging via the
generator, or the high current loads during vehicle acceleration was causing the
damage�
The Genesis® battery manual provides two methods for effectively
charging the batteries: constant voltage charging and constant current charging.
The FutureCar control scheme uses neither method. The current (amps)
produced by the generator is determined by the generator efficiency map of
torque vs. speed, shown in Figure 5.1. For a given generator power rating
(torque x speed) the electric power can be determined by dividing by the
generator efficiency at that power rating� The electric power (watts) divided by
the terminal voltage of the battery pack gives the current (amps) produced by the .
generator. This is not the current that goes into the pack, however, because of
the internal resistance of the batteries (which varies according to voltage and
temperature). The key is to get this current produced by the generator as close
to constant as possible without compromising the perfonnance of the vehicle.
5.3 Future Work

This section addresses some aspects of the FutureCar design and testing
methods that are outside the scope of the initial research. Included are two
proposals for future work:
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•

A constant current charging method of drivetrain control.

•

Ideas for a new driving cycle for HEVs.

5.3.1 Proposed method of control

This section proposes a theoretical method for constant current charging
of the battery pack via the generator. The engine and generator are not suited
for each other (because of sizing), thus the control scheme must account for, and
design around this limitation. Initially, the engine was designed to operate at
wide-open ·throttle, but was eventually limited to 28 percent due to power
constraints of the generator. The rest of the control method operates around this
28 percent limit. The proposed method of control is a constant current charging
method utilizing the characteristics of the FutureCar drivetrain components in
order to optimize the overall system and minimize the risk of damaging the
batteries.
The first step in determining how to control the generator so as to provide
constant current charging is to determine the role of the engine in providing
torque to the system. At a given vehicle speed, there is a zero load throttle
setting for the engine (a throttle position at which the engine contributes no
torque to the system). This throttle position can be determined experimentally by
operating the vehicle on a dynamometer. First, the generator must be disabled.
Next, torque is provided by the traction motor to bring the vehicle to a constant
speed. Then the engine throttle is increased until the vehicle accelerates from
the added torque. The throttle position just before the vehicle began to
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accelerate is the no load setting for that motor speed. This process can be done
in a stepwise manner to produce a curve for the no load engine throttle position
based on motor speed (or vehicle speed).
Next, the �pper limit throttle position for a given vehicle speed must be
determined. The vehicle· is again operated on a chassis dynamometer, and
�eparate controllers are used for the motor, generator and engine. For a given
vehicle speed, request full regeneration from the generator at idle engine speed.
Slowly ramp up the throttle position. There will be an upper limit at which the
engine torque overcomes the torque absorbed by the generator, at which point
the generator speed will increase. Since the generator is speed controlled, it will
try to maintain a requested speed. The point at which -the generator can no
longer maintain the desired speed is the upper limit for the engine throttle
position. This procedure determines curves for the upper and lower limits of
engine throttle position based on vehicle speed.
For a given vehicle speed, the engine/generator pair can now be
controlled to produce a constant current to the battery pack based on the
efficiency map of the generator and the throttle position limits described above.
An engine map showing torque vs. speed curves for various throttle positions
would determine the desired throttle position based on motor speed and
generator speed. (The engine map would have to be determined.) The upper
and lower limits of throttle position were found to provide bounds so the
generator will not be overpowered.
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A mathematical control algorithm can be developed for maintaining a
constant current to the battery pack, based on the torque balance equation 3.4.
The routine is as follows:

1) Measure motor speed.
2) Set desired generator speed (to be determined), constant.
3) Engine speed is now set based on Eq. (3.3).
4) Sef desired charging amps based on battery type and discharge curve.
5) Power required from the generator is:
Assume Pg en

=

Pelectric

Where Petecmc=l * V (current and voltage of pack)
6) Calculate Teng from Eq. (3.4), where Tcarrier = Tang •
7) Use the engine map to determine the throttle position that gives the
appropriate torque Ten g •

This is an iterative process because Pgen was assumed to equal Pelectric•
Once Teng is found, the torque from the generator, Tgen , can be calculated from
Eq. (3.4) (Tsun

=

Tgen), and based on the generator speed, a generator efficiency

can be obtained from the generator efficiency map. This efficiency can then be
used to calculate the electric power going to the battery pack, and subsequently,
the current flow. This current flow can be measured, and increased or decreased
by increasing or decreasing the engine throttle to produce more or less torque, if
the current is too small or too large, respectively.
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It should be noted that this is a dual hybrid vehicle, and this proposed
method is for controlling the drivetrain as a series hybrid. Assuming that the
engine can provide more torque than necessary for charging, � parallel hybrid
control scheme can be employed using the excess engine torque. Also, the
generator can be used as a traction motor in cases of high SOC and a large
acceleration request.

5.3.2 Proposed driving cycle test changes

Based on the research documented in this paper, if the battery pack were
fully operational, the FutureCar could in fact perform a FUDS cycle. An open
question is whether the FUDS cycle is an appropriate means of testing a charge
sustaining HEV. Research concerning this question is being performed around
the nation for many government approved test cycles. With the many
technologies involved in upcoming production vehicles, and ones that already are
already available (i.e. Toyota Prius, Honda lnsite, etc.), it is necessary to re
evaluate the present methods for vehicle testing and analysis.
A study to evaluate the effectiveness of the recognized government test
procedure for heavy-duty vehicles and to formulate a test cycle that is "scaled to
t�e capabilities of each vehicle" was performed by Brown, Harris, and King [15].
Since there are so many different HEV designs with different power-to
weight ratios, one proposed method for evaluating the performance and
characteristics of these vehicles is to develop a scaleable test. The load
characteristics of the test should be the same for all vehicles based on the total
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power-to-weight ratio. This could be accomplished on a chassis dynamometer
by adjusting the acceleration requirements to match this ratio. West Virginia
University (WVU) developed a 5-peak cycle for evaluating heavy duty vehicles
(1 5]. The cycle, shown in Figure 5.2, is composed of a series of five trapezoidal
speed curves that increase in amplitude throughout the cycle. If the acceleration
requirements of the speed curves were scaled according to the power-to-weight
ratio of the vehicle being tested, then several situations are possible. The
emissions could be reported as a whole for the entire cycle, or there could be a
concentration limit on emissions for each peak of the cycle that all vehicles would
have to meet. Based on the charge sustainment capabilities of the vehicle, the
cycle could be run any number of times.
Another requirement of the cycle itself would be that it must cause the
vehicle to operate under a wide range of vehicle loads and driving situations.
This could be accomplished by varying the time spent at the cruising speed for
each trapezoid, and by altering the rates of acceleration and deceleration, while
maintaining the scalability of the test.
This proposed cycle is just in the idea phase of design, but it is realistic in
its scope and proposed objectives.
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Appendix A.1 Sample Spreadsheet
Time

sec
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

18
19

20
21

22
23
24
25

26
27
28
29
30
31

.
Tab le A. 1 Samp e of FU DS Sipreads h eet C a Icu Iat1on

Speed

mph
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Accel.

5.9
8.6
1 1 .5 -

ftp/s tf/sA2
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
4.4
4.4
8.7 4.3
1 2.6 4.0
1 6.9 4.3

1 6.9
1 7.3
1 8. 1
20.7
21 .7
22.4

24.8
25.4
26.6
30.4
31 .9
32.9

3.0

1 4.3 21 .0

4.1

3.8
0.6
1 .2
3.8
1 .5
1 .0

Froll

(3900*.07)
lbf
27.3
27.3
27.3
27.3
27.3
27.3
27.3
27.3
27.3
· 27_3
27.3
27.3
27.3
27.3
27.3
27.3
27.3
27.3
27.3
27.3
27.3

27.3
27.3
27.3
27.3
27.3
27.3
27.3
27.3
27.3
27.3
27.3

Faero

lbf
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.2
0.7
1 .4
2.5
3.9
5.4
5.6
6.2
8.1
8.9
9.5

Faccel

POWER

POWER

POWER

(3900/32.2*0) Ori. W heel Ori. Wheel Ori. Wheel
hp
kW
lbf.ft/s
lbf
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
,0.0
0.0
0.0
0.0
0.0
0.0
0.0 .
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
3.4
4.5
2476.3
534. 1
6.4
8.6
471 9.9
51 6.2
8.7
1 1 .7
6439. 1
480.6
1 2.5
9230.9
1 6.8
51 6.2
1 5.1
20.2
1 1 1 32.9
498.4
1 231 0.6
22.4
1 6.7
462.8
3.6
2648.8
4.8
71 .2
6.3
8.5
4680.1
1 42.4
20.6
27.6
1 51 60.7
462.8
9.3
1 2.4
6832.9
1 78.0
7.2
9.7
531 4.0
1 24.6

71

Appendix A.2 MATLAB™ code for histogram calculations

fuds = [ actual FUDS cycle power data ,
too large to l i s t ]
fear =

actual FCAR cycle powe r dat a ,
too large t o l i st ]

x = fuds ( : , 1 ) ;
xmin = min ( x ) ;
xmax = max ( x ) ;
y = fcar ( : , 1 ) ;
ful l = [x
y] ;

sy = s i z e ( y ) ;
sx = s i ze ( x ) ;
s f = sx ( : , 1 ) ;
nbins = sqrt ( s f ) ;
fmin = min ( ful l ) ;
fmax = max ( full ) ;
range = ( fmin : ( fmax� fmin) /nbins : fmax ) ;
Nfcar = hi stc { y , range ) ;
Nfuds = histc ( x , range ) ;
sNf car = s i ze {Nfcar) ;
sNfuds = s i ze (Nfuds ) ;
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